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Morphological and molecular characterization of Eimeria paludosa coccidian parasite (Apicomplexa:Eimeriidae) in a dusky moorhen (Gallinula tenebrosa, Gould, 1846) 
H I G H L I G H T S
• Re-description of E. paludosa in a dusky moorhen in Australia.
• Morphology study: Identical to E. paludosa.
• Genetic study: 99.7% similar to
Eimeria gruis (AB544336) at 18S locus. An Eimeria species is described from a dusky moorhen (Gallinula tenebrosa). Sporulated oocysts (n = 40) are ovoid, with a pitted single-layered oocyst wall in young oocysts and a relatively smooth wall in the mature oocysts. Oocyst wall was 1.0 μm thick, oocysts measured 17. 3 × 13.3 (16.3-17.9 × 12.7-13.9 ) μm, oocyst length/width (L/W) ratio, 1.3. Oocyst residuum was absent. A large polar granule was always observed in the centre of the micropyle and many small polar granules were observed when the focus was on the wall. Sporocysts are elongate-ovoid, 8.4 × 5.1 (8.0-8.9 × 4.9-5.5) μm, sporocyst L/W ratio, 1.6 (1.5-1.8), sporocyst residuum was present, composed of numerous granules in a spherical or ovoid mass. Each sporocyst contained 2 elongate sporozoites, 7.7 × 2.6 (7-10 × 2.2-3) μm. A spherical-ellipsoid posterior refractile body was found in the sporozoites. A nucleus is located immediately anterior to the posterior refractile body. When the oocyst measurements and features were compared with valid Eimeria species from hosts in the Rallidae family, this Eimeria species was identified as E. paludosa. This is the first report of E. paludosa in Australia and the dusky moorhen (Gallinula tenebrosa) in a new host for this species. Molecular analysis was conducted at three loci; the 18S and 28S ribosomal RNA genes and the
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Introduction
Eimeria spp. are coccidian parasites that infect a wide range of vertebrate hosts (McDonald and Shirley, 2009) . With more than 1700 described species (Duszynski et al., 2000) , the genus is one of the most speciose eukaryotic taxa. Pathogenic eimerian species that cause severe clinical disease and economic loss in poultry and production animals have been well characterized (Aarthi et al., 2010; Fitzgerald, 1980; Taubert et al., 2010) . Traditionally, identification of Eimeria species has been based largely not only on sporulated oocyst morphology but also on host species, pathology and geographic distribution (Duszynski and Wilber, 1997; Tenter et al., 2002) . However, some species of Eimeria are morphologically identical and occur in several hosts and it is now recognized that molecular data are essential to accurately delimit species and infer phylogenetic relationships among Eimeria species (Tenter et al., 2002) .
A total of 13 Eimeria species have been identified from the order Gruiformes including 6 from the family Rallidae and 7 from the family Gruidae (Atkinson et al., 2008) . The taxonomy of the Eimeria species in the family Rallidae is somewhat confused. Since the first Eimeria species from gruiform birds (family Rallidae), Eimeria paludosa, was described by Leger and Hesse (1922) from the Eurasian coot (Fulica atra L.), and common moorhen (Gallinula chloropus L.), at least 5 synonyms of Eimeria paludosa have been reported. In 1990, McAllister and Upton, re-described E. paludosa in the American Coot (Fulica americana) and clarified synonyms of eimerian species from related birds such as E. polucephali from rails (Porphyrio caerulens) in Russia (Yakimoff and Matschoulsky, 1939) and E. dauki in the Eurasian coot (F. atra) and the purple swamp hen (Porphyrio porphyrio) in India (Bathia and Pande, 1967) . Currently there are only 6 valid Eimeria species in the family Rallidae: Eimeria bragini, Eimeria monglica, Eimeria paludosa, Eimeria porphyrulae, Eimeria crecis and Eimeria nenei (Duszynski and Upton, 2000; Jeanes et al., 2013) . Unfortunately, no DNA sequence data are available from the first 4 species, as the identifications were based on morphological features only.
Two Eimeria species, Eimeria gruis and Eimeria reichenowi, derived from cranes, have been described in the family Gruidae and both have been extensively characterized genetically (Honma et al., 2007 (Honma et al., , 2011 Matsubayashi et al., 2005; Novilla and Carpenter, 2004) .
In the present study, we re-characterized the E. paludosa in a dusky moorhen (Gallinula tenebrosa) (Gruiformes: Rallidae), both morphologically and genetically. This is the first report of E. paludosa identified in Australia from a new host, the dusky moorhen (Gallinula tenebrosa).
Materials and methods
Sample collection
A young dusky moorhen chick came into care at the Kanyana Wildlife Rehabilitation Centre (KWRC), Perth, after it had been attacked by a cat. On admission it had a swollen hock. Substantial weight loss (19% total body weight) was observed over the next five days. A faecal sample was taken and microscopy revealed Eimeria and nematode larvae. Treatment was implemented and the bird was successfully released nine days after admission.
Faecal flotation was conducted using a saturated sodium chloride and 50% sucrose (w/v) solution. A portion of faeces was placed in 2% (w/v) potassium dichromate solution (K2Cr2 O7), mixed well and poured into petri dishes to a depth of less than 1 cm and kept at room temperature in the dark to facilitate sporulation. Sporulated oocysts were observed using an Olympus DP71 digital microimaging camera and images were taken using Nomarski contrast imaging system with a 100× oil immersion objective.
Isolation of single Eimeria oocysts using a micromanipulator
A 3 axis hydraulic micromanipulator (MO-102, Nirashige, Japan) was used to isolate four separate single oocysts for DNA extraction and PCR.
DNA isolation
Isolated single oocysts were placed on a slide and checked under the microscope (Olympus DP71 digital micro-imaging camera). Once the existence of a single oocyst on the cover slip was confirmed, photographs were recorded for morphological identification. The coverslip was then transferred into a PCR tube containing 10 μl of lysis buffer (0.005% SDS in TE solution). After a brief centrifugation, the tube was frozen in liquid nitrogen and thawed in a 95°C water bath for four rounds to disrupt the oocyst wall. After the addition of 0.5 μl proteinase K (20 mM), the tube was incubated at 56°C for 2 h and then at 95°C for 15 min. The whole lysate of the single oocyst was used directly for PCR.
PCR amplification and sequencing
Generic apicomplexan primers (CRYPTOF 5′-AAC CTG GTT GAT CCT GCC AGT and CRYPTOR 5′-GCT TGA TCC TTC TGC AGG TTC ACC TAC) were used to amplify the almost full length 18S rRNA gene as described by Eberhard et al. (1999) . The expected PCR product was 1584 bp.
The PCR for the 28S rRNA locus was carried out using a nested PCR with the external primers: 28SExF: 5′-TAC CCG CTG AAC TTA AGC-3′ and 28SExR: 5′-CMA CCA AGA TCT GCA CTA G-3′ as previously described (Schrenzel et al., 2005) , which produced a PCR product size of~1495 bp. The internal primers (28InF: 5′-ACT ATG TTC CCT AGT AAC G-3′ and 28SInR 5′-AAC GCT TCG CCA CGA TCC-3′) were as previously reported (Yang et al., 2014) and produced an amplicon size of 1420 bp.
Amplification of a 465 bp region of the COI locus from this sample was conducted as described by Ogedengbe et al. (2011) and Yang et al. (2013) .
The results of the sequencing reactions were analysed and edited using FinchTV (Version 1.4), compared to existing Eimeria spp. 18S and 28S rRNA and COI sequences on GenBank using BLAST searches and aligned with reference genotypes from GenBank using Clustal W in BioEdit (V7.2.5).
Phylogenetic analysis
Phylogenetic trees were constructed for Eimeria spp. at the 18S, 28S and COI loci with additional isolates from GenBank. Distance estimation was conducted using TREECON (Van de Peer and De Wachter, 1994) , based on evolutionary distances calculated with the Tamura-Nei model and grouped using Neighbour-Joining. Parsimony analyses were conducted using MEGA version 6 (MEGA6: Molecular Evolutionary Genetics Analysis software, Arizona State University, Tempe, Arizona, USA). Bootstrap analyses were conducted using 1000 replicates to assess the reliability of inferred tree topologies. Maximum Likelihood (ML) analyses were conducted using the program PhyML (Dereeper et al., 2008) and the reliability of the inferred trees was assessed by the approximate likelihood ratio test (aLRT) (Anisimova and Gascuel, 2006) . 
Results
Species description
3.1.1. Eimeria paludosa (Fig. 1a and 1b ) Diagnosis: Oocysts are ovoid, with a pitted single-layered oocyst wall in immature oocysts and a relatively smooth wall in the mature oocysts. Oocyst wall was 1.0 μm thick. Oocysts measured 17.3 × 13.3 (16.3-17.9 × 12.7-13.9) μm, oocyst length/width (L/W) ratio, 1.3. Oocyst residuum was absent. A large polar granule was observed in the centre of the micropyle and many small polar granules were observed as well when the focus was on the wall. Sporocysts are elongate-ovoid, 8.4 × 5.1 (8.0-8.9 × 4.9-5.5) μm, sporocyst L/W ratio, 1.65 (1.47-1.85), sporocyst residuum was present, composed of numerous granules in a spherical or ovoid mass. A large polar granule was located between the two micropyles and many small polar granules were present as well. Each sporocyst contained 2 elongate sporozoites, 7.7 × 2.6 (7.0-10.0 × 2.2-3.0) μm, a spherical-ellipsoid posterior refractile body was found in the sporozoites. A nucleus is located immediately anterior to the posterior refractile body.
Host: Dusky moorhen (Gallinula tenebrosa 
Phylogenetic analysis of E. paludosa at the 18S locus
Analysis of the four individual oocysts produced identical sequences at all loci analysed. At the 18S rRNA locus, a 1653 bp PCR product of E. paludosa was successfully amplified and sequenced. Phylogenetic analyses of E. paludosa at this locus using Distance, Parsimony and ML analyses produced similar results (Fig. 2 , NJ tree shown). Eimeria paludosa grouped in a clade with E. gruis (GenBank accession number: AB544336) from a hooded crane (Grus monacha) in Japan (97.3% similarity) (Honma et al., 2011) . Eimeria paludosa also shared 97.0% similarity with E. reichenowi (GenBank accession number: AB544326) from a hooded crane reported by the same group. A clade which consisted of E. paludosa E. gruis, E. reichenowi 
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Please cite this article in press as: Rongchang Yang, Belinda Brice, Aileen Elloit, Elvina Lee, Una Ryan, Morphological and molecular characterization of Eimeria paludosa coccidian parasite (Apicomplexa:Eimeriidae) in a dusky moorhen (Gallinula tenebrosa, Gould, 1846) in Australia, Experimental Parasitology (2014) and Eimeria hermani was separated from the other Eimeria species by a clade which consisted of Isospora, Caryospora and Eimeria arnyi (Fig. 2a) . Two slightly shorter 18S sequences from Eimeria crecis (GenBank accession numbers: HE653904 and HE653905) and one 18S sequence from Eimeria nenei (GenBank accession number: HE653906) were available, and a phylogenetic analysis including these three sequences was also conducted (Fig. 2b) . This analysis showed that Eimeria paludosa shared 99.2% similarity with E. crecis and 98.5% with E. nenei.
Phylogenetic analysis of E. paludosa at the 28S locus
A 1553 bp sequence of 28S DNA from E. paludosa was used for phylogenetic analysis. There were few 28S rRNA sequences from Eimeria species available in GenBank and no sequences from Eimeria derived from gruiform birds; therefore phylogenetic analysis could only be conducted using available Eimeria 28S rRNA sequences and other coccidian 28S sequences including Cycospora spp., Goussi spp., Sarcocystis spp., Besnoitia besnoiti, Hammondia hammondi and Toxoplasma gondii. Neospora caninum was used as an outgroup. Phylogenetic analysis grouped E. paludosa in a clade by itself (Fig. 3) . It shared 91.0% and of 89.0% genetic similarity with E. papillata (GenBank accession number: GU593706) and E. tenella (GenBank accession number: AF026388) respectively from chickens (Gallus gallus).
Phylogenetic analysis of E. paludosa at the COI locus
Direct sequencing of the COI gene fragment produced a clean chromatogram and resulted in 467 bp of sequence. As with the 28S locus, there were no gruiform-derived Eimeria COI sequences available in GenBank. Phylogenetic analysis placed E. paludosa in a clade by itself. It had the highest similarity (87.2% at the nucleotide level) with E. irresidua from a European rabbit (Oryctolagus cuniculus) from the Czech Republic (GenBank accession number JQ993694) (Fig. 4) . Eimeria paludosa shared 88.0% identity at amino acid level with E. alorani from a striped field mouse (Apodemus agrarius) and an Eimeria sp. ex Apodemus flavicollis.
Discussion
The dusky moorhen or waterhen is a medium-sized, dark greyblack water bird. It has a yellow-tipped scarlet bill and a scarlet bill shield. Its legs are red above the "knee" and red or greenish below with long slender toes. It is found from Indonesia through New Guinea to Australia. It is widespread in south-western and eastern Australia. This bird inhabits well-vegetated wetlands such as rivers, swamps and artificial waterways. It is omnivorous and feeds on algae and water plants in the water but also eats grasses, seeds, fruits, molluscs and other invertebrates (Pizzey and Knight, 2007) .
In 1990, McAllister and Upton, re-described E. paludosa from the American coot (Fulica americana), with oocyst measurements of 16.5 × 12.6 (15.0-23.0 × 11.0-14.0) μm and with elongate-ovoid sporocysts measuring 10.8 × 6.2 (10.0-12.0 × 5.0-7.0) μm and a L/W ratio of 1.7 (1.5-1.9) (McAllister and Upton, 1990) . Both the L/W ratio of the oocysts and sporocysts from the present study were similar to those from E. paludosa (Table 1) . Three other species of Eimeria described from the Rallidae family; Eimeria polucephali, Eimeria crecis and Eimeria nenei (Jeanes et al., 2013; Lainson, 1994) are morphologically different from E. paludosa (Table 1) morphological feature from E. paludosa is that there is a large polar granule in the middle of the two micropyles, which was also present in the oocysts isolated from the dusky moorhen in the present study. Another recognizable feature of E. paludosa is that the young oocysts have a rough wall surface, which was also detected in some of the young oocysts in the dusky moorhen. This rough oocyst wall surface was also observed in some mature oocysts in the present study. On the basis of all these morphological findings, the Eimeria oocysts isolated from the dusky moorhen were confirmed as E. paludosa. Molecular analysis was also used for the first time to characterize E. paludosa and it shared its closest genetic similarity (97.3%) with E. gruis at the 18S locus.
Eimeria paludosa appears to be highly dispersed as it has now been reported from all continents of the world (McAllister and Upton, 1990; Duszynski et al., 2000; this study) . In addition, the whitebreasted waterhen (Amaurornis phoenicurus) that is widely distributed across Southeast Asia and the Indian Subcontinent, and the common moorhen (Gallinula chloropus), which is distributed across Africa, Europe, and Asia (which are known hosts of E. paludosa) (Duszynski et al., 2000) , are sympatric with the dusky moorhen and, potentially, can cross-transmit this coccidium in the wild.
Future studies need to concentrate on obtaining morphologically characterized Eimeria species derived from gruiform birds and generate sequence data that are directly related to described species. Analysing these isolates at multiple gene loci will also provide a more in-depth analysis of the evolution of gruiform-derived Eimeria spp. 6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79 
